A tricolor infrared detector with bias-selectable peaks based on tunneling quantum dot infrared photodetector ͑T-QDIP͒ architecture is demonstrated. Photoabsorption takes place in In 0.4 Ga 0.6 As quantum dots ͑QDs͒ and the excited electrons are collected by resonant tunneling across an Al 0.2 Ga 0.8 As/ In 0.1 Ga 0.9 As/ Al 0.2 Ga 0.8 As double barrier coupled to the QDs. The field dependent tunneling for excited carriers in T-QDIP is used to select the operating wavelength. This T-QDIP detector exhibits three distinct response peaks at 4.5/ 4.9Ϯ 0.05, 9.5Ϯ 0.05, and 16.9Ϯ 0.1 m up to 80 K. The peak detectivity is in the range of ͑1.0-6.0͒ ϫ 10 12 Jones at 50 K. Bias polarity allows the selection of either the 9.5 m or the 16.9 m peak.
Multicolor infrared ͑IR͒ detection has become an important tool in the field of IR technology due to various applications. Detecting an object's IR emission at multiple wavelengths can be used to eliminate background effects and reconstruct the object's absolute temperature. However, measuring multiple wavelength bands typically requires either multiple detectors or a single broadband detector with a filter wheel. These will require complicated detector assemblies, separate cooling systems, and numerous electronic and optical components. Consequently, such sensor systems ͑or imaging systems͒ require a complex control mechanism and hardware to achieve the fine optical alignment necessary, increasing the cost. These issues can be avoided by a single detector responding in multiple bands. Applications of multiband detectors include land-mine detection, 1 missile-warning sensors, 2 identification of muzzle flashes 3 from firearms, and space situational awareness. 4 Quantum dot ͑QD͒ based detectors [5] [6] [7] have become a choice of interests for multicolor detector development. Successful research has lead to the development of multicolor QD focal plane arrays. [8] [9] [10] In order to overcome the need for external optical filters for multiband detection, several approaches have been reported. Multistack detectors 11 use separate electrical contacts to collect the photocurrent components generated in each active region separately. In this article, the use of applied bias to select the operating wavelength of a multicolor tunneling QD photodetector ͑T-QDIP͒ consisting of two double-barrier ͑DB͒ systems coupled to QDs is reported. Unlike the previous T-QDIP, 12 the QDs are sandwiched between two sets of DBs, allowing strong wavelength selectivity with the applied bias. A dots-in-a-well ͑DWELL͒ detector 10 had two peaks, one ͑ϳ5.5 m͒ at low bias with a second peak ͑8-10 m͒ appearing at high bias. Both are due to transitions of carriers from QD ground state to a state in the well. In the present T-QDIP, transitions in the QDs and resonant tunneling give rise to lower dark current and a minimal spectral crosstalk with a better bias-dependent wavelength selectivity. There is an optimum bias voltage for the response peaks, compared to "low" and "high" bias selection for the DWELL. 10 Furthermore, one would expect polarization sensitivity due to the dot-to-dot transitions in this T-QDIP.
In T-QDIPs, 12 the photoexcited carriers in the QDs are collected by means of resonant tunneling 12-14 through a DB system coupled to the QDs. Two DB systems are integrated with each QD layer and are designed such that an excited state in the QD coincides with a bound state in a DB system under certain bias conditions. The T-QDIP detector structure grown by molecular beam epitaxy ͑MBE͒ is shown in Fig. 1 tively. There are ten periods of these QDs coupled with DBs and each period is separated with an undoped 400 Å thick GaAs layer. The GaAs and AlGaAs layers were grown at 610°C. The In 0.4 Ga 0.6 As QDs were grown 15 at 500°C on top of a 3 ML wetting layer. QDs with height and base dimensions of the ϳ6 and ϳ20 nm, respectively, are n-doped to 1 ϫ 10 18 cm −3 using Si as the dopant, while all other layers are undoped except the GaAs bottom-and top-contact layers ͑n-doped to 2 ϫ 10 18 cm −3 ͒. Vertical circular mesas for top illumination were fabricated by standard photolithography, wet chemical etching, and contact metallization techniques. The n-type top ring contact and the bottom contact were formed by evaporated Ni/ Ge/ Au/ Ti/ Au with thickness of 250/ 325/ 650/ 200/ 2000 Å. The radius of the optically active area of a processed device was 300 m. Devices for testing were mounted on to chip carriers with silver epoxy and gold wire contacts were made from the device to the chip carrier leads.
The band structure for the reported T-QDIP detector with calculated energy levels in the QDs and DB systems is shown in Figs. 2͑a͒-2͑c͒ for zero, forward ͑top contact is positive͒, and reverse ͑bottom contact is positive͒ bias conditions, respectively. The energy states in the QDs were calculated using an eight-band k · p model. 16 There are three bound states located at −0.156, −0.065, and −0.026 eV ͑ground, first excited, and second excited state, respectively͒ with respect to the GaAs conduction band edge ͑=0 eV͒. The energy states in the wetting layer and the DB systems were calculated by solving the one-dimensional Schrödinger equation and the transmission probability for the DB structure was calculated using the transfer matrix method. 17 The energy states in the wetting layer ͓purple ͑online͒ dashed line͔ and the DB ͓blue ͑online͒ short dashed lines͔ are also shown in Fig. 2 . While these states are localized in the corresponding regions, they also can extend across the whole structure, especially the wetting layer state. As shown in Fig. 2͑a͒ , photoabsorption takes place in the QDs and electrons are excited from the QD ground state to the first QD excited state ͑transition 3 with ⌬E ϳ 91 meV͒, to the second QD excited state ͑transition 2 with ⌬E ϳ 130 meV͒, and to the wetting layer state ͑transition 1͒. The electric field dependent tunneling of excited carriers lead to a selectivity for photoresponse peaks. Under a certain forward bias condition ͓see Fig. 2͑b͔͒ , the second QD excited state will overlap with the state in the TDB. Hence, the carriers excited to the second QD state ͑⌬E = 130 meV͒ will have the maximum tunneling probability and will be collected as the photocurrent, leading to a photoresponse at 9.5 m. Similarly, under a certain reverse bias condition ͓see Fig. 2͑c͔͒ , the first QD excited state will overlap with a state in the BDB leading to a response peak at 13.6 m ͑⌬E = 91 meV͒. Under both forward and reverse bias conditions, the carriers excited to the wetting layer also can tunnel through the barriers. Hence, a short wavelength peak in the 4.5-5 m range is also expected.
The measured and calibrated spectral response for forward and reverse bias at 50 K is shown in Fig. 3͑a͒ . Under forward bias ͑2 V͒, two peaks were observed at 4.5Ϯ 0.05 and 9.5Ϯ 0.05 m due to transitions from QD ground state to the wetting layer state and to the second QD excited state, respectively. Under reverse bias ͑−3.25 V͒, two peaks were observed at 4.9Ϯ 0.05 and 16.9Ϯ 0.1 m due to transitions from QD ground state to the wetting layer state and to the first QD excited state, while the peak at 9.5 m ͑observed for forward bias͒ is not apparent. A summary of peak selec -FIG. 2 . ͑Color online͒ Schematic diagram of the conduction band profile of the T-QDIP structure under ͑a͒ zero, ͑b͒ forward, and ͑c͒ reverse bias conditions. The calculated bound state energies in the dots ͑red solid lines͒, wetting layer ͑pink dashed lines͒, and DBs ͑blue short dashed lines͒ are also indicated. The photoexcited carriers are collected by resonant tunneling through the DBs .   FIG. 3 . ͑Color online͒ ͑a͒ Spectral responsivity of the T-QDIP detector at 50 K under 2 and −3.25 V bias. The energy state alignments under these bias conditions are also shown. ͑b͒ Variation of the peak responsivity with applied bias. By alternating the bias polarity, the detector can be operated at 9.5 or 16.9 m. The peak response becomes maximum when resonant tunneling condition is met for a certain bias value͑2 and −3.25 V for 9.5 and 16.9 m peaks, respectively͒. Spectral responsivity at 80 K under 2 and −3.5 V bias is shown in the inset.
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tion by using applied bias is given in Table I . The observed peak selectivity is consistent and in good agreement with the theoretical calculations, as explained above. The shift of the peak associated with the wetting layer is also expected and in good agreement with the calculated results. The calculated transition energies ͑⌬E for transition 1͒ are 264 and 249 meV for forward bias and reverse bias, respectively. This change is due to the energy shift of the wetting layer state by the applied electric field relative to the QD states. Also, the carriers excited to the wetting layer can escape even under nonresonant conditions since this state is close to the top band edge of the barriers. As compared to the calculated peak positions, the observed peak positions are in reasonably good agreement and any deviation can be associated with the uncertainty in structure parameters ͑such as material composition, layer thickness in DBs and size of QDs͒ and the uncertainty in the calculation. According to the variation of the peak response with applied bias shown in Fig. 3͑b͒ , it is clearly evident that there is a specific voltage at which the maximum response for each peaks can be obtained. The 9.5 m peak exhibits its maximum responsivity ͑0.9 mA/ W͒ at 2.5 V, while the 16.9 m peak has a maximum responsivity of 3 mA/ W at −3.25 V. According to Fig. 2 , the voltage at which the maximum peak response appears corresponds to the voltage required ͑Ϯ3-Ϯ 3.5 V͒ to level the QD excited states and DB states. When the bias is increased in the reverse direction, only the first QD excited state approaches the state in the BDB, while the second QD excited state deviates. Hence, only the carriers excited to the first QD excited state will undergo resonant tunneling. At −3.25 V bias the 16.9 m peak is very strong and the 9.5 m peak is weaker by a factor of 50. However, when the forward bias is increased, both the first and second QD excited states approach the state in the TDB, opening resonant tunneling conditions for carriers excited into both QD states. Consequently, both 9.5 and 16.9 m peaks are visible under forward bias and the 16.9 m peak reaches its maximum response for a higher bias voltage than that for the 9.5 m peak.
The temperature dependence of the response showed that all the peaks with the peak selectivity can be observed up to 80 K ͓see Fig. 3͑b͔͒ , while the short peak ͑4.5-5 m͒ can be observed up to 100 K. The dark current densities at 80 and 300 K are ϳ4 ϫ 10 −8 A / cm 2 at Ϯ4 V and ϳ8 ϫ 10 −4 A / cm 2 at Ϯ2 V, respectively. This comparatively 7 low dark current is attributed to dark current blocking by the DBs. The detectivity values at 50 K for the peaks at 4.5 ͑2 V͒, 9.5 ͑2 V͒, and 16.9 m ͑−3.25 V͒ are 3.0, 1.6, and 6.0ϫ 10 12 Jones, respectively. Although the present structure shows three peaks with two having bias sensitivity, the DB system provides various design possibilities. For example, as shown in Fig. 4 , a modification of the structure to block the photocurrent leading to the 16.9 m peak and provide resonant conditions for the wetting layer state ͑under reverse bias͒ would lead to a dualband detector with two bias-selectable peaks in 3-5 and 8-14 m atmospheric windows. This structure uses two TDBs ͑TDB1 and TDB2͒, which the excited electrons to the second QD excited state tunnel through via resonant tunneling for forward bias. Two DBs will provide an extra blockade for the carriers excited ͑under forward bias͒ into the wetting layer. 
